Introduction
Protein tyrosine kinases play critical roles in signal transduction downstream from cytokine receptors. The binding of cytokines to their receptors results in the activation of a series of tyrosine kinase families. In the case of interleukin 2 (IL-2) 2 signaling, a Src family tyrosine kinase, Lck, a ZAP70/Syk family tyrosine kinase, Syk, and two Janus kinases, Jak1 and Jak3, are activated upon IL-2 stimulation (1, 2). The activated tyrosine kinases, in turn, transmit the signals through signaling cascades that ultimately converge in the nucleus where they induce the expression of a variety of genes, including those that are required for cell-cycle progression.
Hgs/Hrs (HGF-regulated tyrosine kinase substrate) was originally identified as a phosphotyrosine protein whose phosphorylation is induced by stimulation with cytokines and growth factors including IL-2, granulocyte-macrophage colonystimulating factor (GM-CSF), HGF, EGF, and PDGF (3, 4) . Hgs is localized to early endosomes (5) (6) (7) (8) , and contains a FYVE-finger domain, which has the ability to bind phosphatidylinositol 3-phosphate (PI3-P) (9) . We previously demonstrated that overexpression of Hgs induces a significant suppression of IL-2-mediated cell growth, and that Hgs binds to STAM (Signal Transducing Adapter Molecule) (3), a protein that associates physically with the Jak2 and Jak3 tyrosine kinases (10) . We also generated a knock-in mouse line that expresses mutant Hgs. Homozygous mice from this line die as embryos, and their cells have impaired activin signaling, caused by the mutant Hgs suppressing the efficient recruitment of Smad2 or Smad3 to the activin receptor complex (11) . Although these observations suggest that Hgs plays an important role in the activation of the Smads upon stimulation with activin, little is known about its role in the signaling mediated by cytokines other than the TGF-β family.
Rho family expression plasmids (43) . pCR2FL-MEKK1-KM is a dominant-negative MEKK1 expression plasmid (44) . The wild-type and dominant-negative TAK1 expression plasmids are pCMV-TAK1 and pCMV-TAK1 (K63W), respectively (26) , and pCMV-TAB1 is a TAB1 expression plasmid (26) . Wild-type TAK1 was subcloned into pFLAG-CMV2 (Sigma) to generate pFLAG-TAK1. pcDNA-MTK1(K/R) is a dominant-negative MTK1/MEKK4 expression plasmid (45). pSRHis-MUK KN, pSRHis-MST KN, and pcDNA3-MLK3 KN are expression plasmids for dominantnegative forms of the mixed lineage kinase family, MUK, MST, and MLK3, respectively (46, 47) . pJ3H-Pak1 and pCMV-6m-PAK1(KR) are expression plasmids for the wild-type Pak1 and kinase-negative PAK1, respectively (48) . The wild-type
Pak1 was subcloned into pFLAG-CMV2 (Sigma) to generate pFLAG-PAK1.
Construction of reporter plasmids
pGL2-FL4, a c-fos-luciferase reporter plasmid was prepared with a 0.
5-kbp
HindIII-digested fragment of the FC4 plasmid (c-fos promoter fused to the chloramphenicol acetyltransferase gene) (49) , which was inserted into the HindIII-site of pGL2-basic. The c-fos promoter mutation series was prepared in the following manner. A site-directed mutation of each element was introduced by Mutan-Super Express Km (Takara Shuzo Co., LTD., Otsu, Japan), and confirmed by DNA sequence analysis. The SIE (sis-inducible element) site was mutated from GTTCCCGTCAATC to GTTAAATTAAATC. The SRE site was mutated from GGATGTCCATATTAGGACATCT to GGATGTAAATATTATTACATCT. The FAP (fos AP-1) site was mutated from TGCGTCAG to TGCCAGTG. The CRE was mutated from GTGACGTTTA to CTCAGCTTTA. The c-fos promoter TATA box sequence was generated by PCR using the following primers: sense, 
Immunoprecipitation and immunoblotting
Immunoprecipitation was carried out as described elsewhere (3) . In brief, cells
were lysed in NP-40 cell extraction buffer (1% Nonidet P-40, 25 mM Tris-HCl pH 7.5, 140 mM NaCl, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 20 µg/ml aprotinin, 10 mM NaF, and 1 mM Na 3 VO 4 ), and immunoprecipitated with the indicated antibodies.
The immunoprecipitates were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to PVDF filters (Millipore, Yonezawa, Japan). After blocking with 3% bovine serum albumin (BSA) in TBS containing 0.1% Tween 20, the filters were incubated with the indicated antibodies, followed by incubation with anti-mouse IgG or anti-rabbit IgG or protein A coupled with horseradish peroxidase and visualized using the enhanced chemiluminescence (ECL) detection system (Amersham Pharmacia Biotech, Little Chalfont, U.K.).
Luciferase assay
BAF-B03 cells were deprived of IL-3 for 12 h and transfected by electroporation with the indicated doses of expression plasmids, 2 µg of pENL, and 5 µg of luciferase reporter plasmids, together with 2 µg of pSRB5 and pSRG1, as described elsewhere (3). 
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luciferase activity with a PicaGene assay kit (Toyo Inc., Tokyo, Japan). The β-galactosidase activity was also assayed for standardization of the transfection efficiency in each sample.
MAP kinase and JNK/SAPK kinase assays
A total of 3×10 6 cells were cultured in IL-3 growth medium ± 2 µg/ml tetracycline for 20 h, washed twice with ice-cold PBS, then resuspended in RPMI1640 medium containing 1% FCS to deprive them of IL-3. After 5 h, the cells were stimulated with IL-3 for the indicated times. MAP kinase and SAPK/JNK activities were assayed with a MAP kinase assay kit and a SAPK/JNK assay kit (New England BioLabs), respectively.
Preparation of whole-cell lysates
Cells were suspended in whole-cell extraction buffer (10 mM Na 2 HPO 4 / NaH 2 PO 4 (pH 7.5), 1 mM EDTA, 1 mM DTT, 400 mM KCl, 10% Glycerol, 5 mg/ml Aprotinin, 10 mg/ml Leupeptin, 2 mM Pepstatin, 1 mM PMSF, 0.5 mM DTT, 5 mM NaF, 0.5 mM Okadaic Acid, 1 mM Na 3 VO 4 ), then frozen and thawed three times. Subsequently, the lysates were spun at 17,000 rpm, and their supernatants were used as whole-cell lysates. 
Results

Involvement of Hgs in c-fos induction mediated by IL-2 and GM-CSF
To investigate the functional role of Hgs in cytokine signal transduction, we performed luciferase-reporter gene assays for c-fos-promoter transactivation. BAF-B03 cells preincubated without IL-3 were transfected with wild-type Hgs or empty vector, together with the expression vectors for the human IL-2 receptor β and γc chains (pSRB5 and pSRG1) or human GM-CSF receptor α and βc chains (hGMRα and hGMRβ), and the c-fos-luciferase reporter plasmid (pGL2-FL4). The cells were then stimulated with 10 nM IL-2 or 20 ng/ml GM-CSF, and assayed for luciferase activities.
Hgs induced a significant enhancement of the c-fos-promoter-driven luciferase activity upon stimulation with IL-2 and GM-CSF, and the luciferase activities increased in a dose-dependent manner with increasing amounts of the Hgs plasmid, up to 10 µg (Fig.   1A ). We then examined the effects of three Hgs mutants on IL-2-mediated c-fos induction: the dFYVE missing the FYVE finger domain, dC1 missing a part of the Cterminus, and dC2 missing most of the C-terminus and the coiled-coil motif (Fig. 1B) .
Although the dFYVE and dC1 mutants showed slightly lower luciferase activities than did wild-type Hgs, they still retained the ability to enhance luciferase activity upon IL-2 stimulation, whereas the dC2 mutant completely lost this ability (Fig. 1C) . These results suggest that the C-terminal half of Hgs, including the coiled-coil motif and proline/glutamine-rich region, is implicated in IL-2-induced signaling as being indispensable for c-fos promoter activation.
Requirement for the cis-regulatory elements of the c-fos promoter for its Hgs-mediated induction in response to IL-2
We next investigated which transcription factor(s) was responsible for the Hgsmediated activation of the c-fos promoter. The c-fos promoter fragment contains at least four cis-regulatory elements, namely, the SIE, SRE, FAP, and CRE ( Fig from the activation of both SRF and Elk. We also examined the activity of a reporter plasmid, pCRE-luc, which contains three repeats of CRE. pCRE-luc also showed a significant increase in Hgs-mediated luciferase activity in response to IL-2 ( Fig. 3C ),
suggesting the involvement of CRE in the Hgs-mediated enhancement of c-fos induction upon IL-2 stimulation.
Involvement of Hgs in the downstream signaling pathway of Ras
Because a small G protein, Ras, has been shown to be involved in a signaling 
Involvement of Hgs in the activation of JNK
We attempted to obtain BAF-B03 sublines that over-expressed Hgs, but were unsuccessful because Hgs suppresses cell growth (3). Therefore, we established two cells were then stimulated with recombinant IL-2 for 6 h, and assayed for luciferase activity. The dFYVE Hgs mutant showed a slightly lower luciferase activity than did wild-type Hgs, but still retained the ability to enhance luciferase activity upon IL-2 stimulation (Fig. 6A) . However, the dC1 and dC2 mutants almost completely lost this ability (Fig. 6A) , suggesting that the C-terminal half of Hgs is required for the IL-2-induced stimulation of JNK.
We then asked which member of the MAPKK kinase family is involved in the JNK and Hgs-dC2 were coimmunoprecipitated with TAK1, and the expression levels of TAK1 and wild-type Hgs and its mutants were confirmed to be comparable among the transfectants (Fig. 8A) . These results suggest that there is a direct interaction between 
Hgs contributes to IL-2-mediated activation of SRF through association with Pak1.
We also examined the effects of Hgs mutants on the activation of SRF in the c-fos induction pathway in response to IL-2. SRF luciferase activities were increased significantly by transfection of the wild-type Hgs, dFYVE mutant, or dC1 mutant compared with transfection of the control plasmid, pCXN2. In contrast, the dC2 mutant showed the same level of SRF luciferase activity as pCXN2 (Fig. 7A) , suggesting that ( Fig. 8B) . The expression levels of Pak1 and the wild-type Hgs and its mutants were confirmed to be comparable among the transfections (Fig. 8B ). These results suggest a possible association of Pak1 with the C-terminal portion (Pro451-Leu570) of Hgs, which may contribute to the SRF activation in response to IL-2.
Involvement of Rac in Hgs-mediated c-fos induction and SRF activation.
A Rho family small G protein, Rac, is reportedly activated downstream of Ras, contributes to the JNK activation pathway, and becomes an activator of Pak1 (50-52).
Hence, we examined the effects of dominant-negative forms of Rho family members on the Hgs-mediated enhancement of c-fos induction in response to IL-2. RacDN, a dominant-negative form of Rac, markedly suppressed the Hgs-mediated enhancement of c-fos induction (Fig. 9A) . However, the dominant-negative forms of RhoA and Because the C-terminal half of Hgs is known to harbor the signal for membrane localization (8), it is possible that Hgs contributes to the recruitment of TAK1 to the membrane, where TAK1 could be activated. Support for this idea comes from evidence that some kinds of MAPKKKs, like TAK1, are activated after they are recruited to the membrane through adapter proteins or small G proteins (18) . In fact, the dC2 mutant of Hgs has the ability to bind TAK1, but the comparable Hgs mutant to dC2 has been shown to fail to localize properly to the membrane (8) . We observed that RacDN, a dominant-negative form of Rac, induced the suppression of the JNK activity mediated by Hgs, but this suppression was appreciably weaker than that induced by TAK1(KW), a dominant-negative mutant of TAK1, suggesting that the Rac pathway is not a main Members of the ATF family of transcription factors are known to bind to the CRE.
Among the ATF family members, ATF-2 is phosphorylated and activated by JNK (21),
suggesting that Hgs enhances CRE activity through ATF-2 phosphorylation by JNK.
On the other hand, the FAP-1 site of the c-fos promoter has been shown to contribute to negative regulation of the c-fos promoter activity (62) . We obtained a similar result here,
showing that a point mutation of the FAP-1 site induces an increase in the c-fos promoter activity. However, the reporter plasmid, pFAP-luc, which contains three repeats of FAP, was activated by Hgs induction (data not shown), suggesting that Hgs can activate the AP-1 site in the promoters of genes other than c-fos.
We previously reported that Hgs interacts with STAM1 and STAM2 through their 
